Fusion of neurosecretory vesicles with the plasma membrane is mediated by SNARE proteins, which transfer a force to the membranes. However, the mechanism by which this force transfer induces fusion pore formation is still unknown. The neuronal vesicular SNARE protein synaptobrevin 2 (syb2) is anchored in the vesicle membrane by a single C-terminal transmembrane (TM) helix. In coarse-grain molecular-dynamics simulations, self-assembly of the membrane occurred with the syb2 TM domain inserted, as expected from experimental data. The free-energy profile for the position of the syb2 membrane anchor in the membrane was determined using umbrella sampling. To predict the free-energy landscapes for a reaction pathway pulling syb2 toward the extravesicular side of the membrane, which is the direction of the force transfer from the SNARE complex, harmonic potentials were applied to the peptide in its unbiased position, pulling it toward new biased equilibrium positions. Application of piconewton forces to the extravesicular end of the TM helix in the simulation detached the synaptobrevin C-terminus from the vesicle's inner-leaflet lipid headgroups and pulled it deeper into the membrane. This C-terminal movement was facilitated and hindered by specific mutations in parallel with experimentally observed facilitation and inhibition of fusion. Direct application of such forces to the intravesicular end of the TM domain resulted in tilting motion of the TM domain through the membrane with an activation energy of~70 kJ/mol. The results suggest a mechanism whereby fusion pore formation is induced by movement of the charged syb2 C-terminus within the membrane in response to pulling and tilting forces generated by C-terminal zippering of the SNARE complex.
INTRODUCTION
The vesicular SNARE (vSNARE) protein synaptobrevin 2 (syb2), also known as VAMP 2, plays a key role in biological vesicle fusion and transmitter release (1) . Syb2 is a 116 amino acid protein that is anchored in the vesicle membrane by a single C-terminal transmembrane (TM) helix. Specific cleavage of syb2 by tetanus toxin or botulinum toxins B, D, F, and G inhibits vesicle fusion (2, 3) . The SNARE domain of syb2 interacts with those of the plasma membrane tSNARE proteins syntaxin and SNAP25, forming a coiled coil (4) . The assembly of the SNARE complex occurs in a vectorial manner from the N-terminus to the C-terminus toward the membranes (5) . This assembly is thought to generate a force that is transferred to the apposed membranes, leading to fusion. However, the molecular mechanism that transduces the force into fusion pore formation remains elusive.
When a force is generated that pulls the two membranes together, and this force works to overcome the energy barrier of membrane fusion, then a change of the syb2 TM domain position in the vesicle membrane is expected. It has been shown that addition of residues with a high energy of transfer from water to the membrane interface at the syb2 C-terminus inhibits fusion (6) , suggesting that movement of the syb2 C-terminus plays a critical role in fusion pore formation. To determine how a force generated by the SNARE complex affects the position of the syb2 C-terminus in the membrane, we performed coarse-grain molecular-dynamics (CG-MD) simulations (7, 8) . We show that application of piconewton forces toward the extravesicular side of the membrane can detach the syb2 C-terminus from the vesicle membrane inner-leaflet headgroups, pulling it deeper into the membrane. Analysis of mutated syb2 constructs indicates that the detachment in response to applied force is facilitated or hindered consistent with their ability to support fusion as observed experimentally (6, 9) . Together, these experimental and computational results suggest a novel mechanism of fusion pore formation whereby a movement of the syb2 C-terminus within the membrane is generated by SNARE complex zippering, pulling and tilting the TM domain through the membrane. This TM domain movement of syb2 may play a key role in fusion pore formation.
MATERIALS AND METHODS

MD simulations
a-Helical atomic models of fragments ( Fig. 1 A) of rat syb2 (residues Q71-T116), the syb2 W89A/W90A double mutant (syb2 WA), and a syb2 with two lysines added at the C-terminus (Q71-T116-K117-K118) were generated based on ideal 4/j values by the Sidekick software (10) . Initial atomistic models were converted to MARTINI force field CG representations (8) (Fig. 1, B-D) , and MD simulations were performed using GRO-MACS 4 (11) . The CG technique uses a 4:1 mapping of nonhydrogen atoms to CG particles, and nonbonded interactions are treated with Lennard-Jones interactions between four classes of particles (charged, polar, apolar, and mixed polar/apolar) that are split into subtypes based on polarity and hydrogen-bonding capabilities. Interactions were based on a lookup table, with nine levels in the MARTINI force field. Lennard-Jones interactions were shifted to zero between 9 Å and 12 Å , and electrostatic interactions were shifted to zero between 0 Å and 12 Å . The CG model was placed in a simulation box together with typically 252 randomly positioned dipalmitoylphosphatidylcholine (DPPC) lipid molecules and an appropriate number of water molecules to fill the box volume ( Fig. 1 E) . Five monovalent negatively charged ions were added to achieve electroneutrality of the system. a-Helical secondary structure was maintained via dihedral angle restraints between adjacent backbone particles. The simulations were performed at a temperature of 323 K to ensure a fluid lipid phase. For each molecular model, 100 simulations of 200 ns duration were performed using the Sidekick software (10) running large ensembles of simulations in an automated fashion. Simulations were performed over a mixed computational grid consisting of a dedicated 306 core MacOS cluster and workstations. Sidekick is written in python using the numpy and matplotlib libraries for calculations and plotting graphics. Xgrid is used to distribute calculations across the grid. System build, simulation, and basic analysis are automated, and the full simulation data are stored. Individual trajectories were further analyzed using a tcl script with VMD (12), generating trajectories for the following parameters: 1), the z-distance between the membrane center and the center of the backbone particles of W89/W90 or A89/A90 in the WA mutant; 2), the z-distance between membrane center and the G73 particle; 3), the angle between the TM domain (vector from S115 to WW/AA) and membrane normal; and 4), the kink angle between helix 2 (vector between backbone particles of F77 and Y88) and helix 3 (vector between backbone particles of L93 and S115).
Determination of free-energy profile
To determine the free-energy profile of the syb2 TM domain along the reaction pathway corresponding to pulling from the extravesicular side of the membrane, we added a harmonic potential, generating a restoring force on the position of a group (named the WW group) consisting of the two W89 W90 backbone particles or the corresponding A89 A90 particles in the WA mutant (see Fig. 1 A) . Positions and force constants are given in Table S1 of the Supporting Material. Simulations started with the syb2 fragment at its unrestrained equilibrium position in the kinked state with the WW or AA group at a distance of~16-17 Å from the membrane center at the extravesicular membrane-water interface. In most simulations, the fragment rapidly (within 5-10 ns) positioned itself at a new equilibrium position, pulled by the umbrella potential. Each umbrella window was run for 200 ns. In addition, three unrestrained 200 ns simulations (zero force constant) were performed. Histograms of the WW group position along the membrane normal were generated for individual simulations (Fig. S1 ) and the free-energy profile was constructed via the weighted histogram analysis method (13) (14) (15) using the WHAM program (16) . To avoid contributions from the initial dislocation to the new equilibrium position, the first 16 ns of the simulations were excluded from the analysis. In a few simulations with WW/AA positions >50 Å , a transition occurred during the 184 ns simulation time used in the analysis from a position deeper in the membrane or with the fragment's C-terminus in contact with the upper headgroup region, toward a more extracted or fully extracted position. In these cases, the WW group position trajectory was split into separate parts reflecting only fluctuations around a specific state (see Table S1 ).
To determine the free-energy profile of the syb2 C-terminus along the reaction pathway corresponding to tilting the syb2 TM domain as it may be induced by zippering up SNARE complexes that are sandwiched parallel between vesicle and plasma membrane, we added harmonic potentials, generating a restoring force on the position of a group (named the ST group) consisting of the S115 T116 backbone particles. As before, all simulations started with the syb2 fragment at its unrestrained equilibrium position in the kinked state. Simulations were run for 200 ns or 1 ms using harmonic potentials with force constants and pull positions as indicated in Table S2 , and the position histograms shown in Fig. S2 to construct the energy profile.
RESULTS AND DISCUSSION
Conformation of the syb2 fragment in selfassembly simulations
The conformation of the C-terminal syb2 fragment Q71-T116 model and two derived constructs ( Fig. 1 , A-D) in a DPPC membrane were characterized by CG self-assembly simulations. In the postfusion SNARE complex, syb2 forms an extended helical structure that includes the SNARE domain, the linker, and the TM domain (17, 18) . The syb2 fragment was therefore modeled as a helical peptide and placed in a simulation box containing typically 252 randomly positioned DPPC molecules ( Fig. 1 E) , which spontaneously formed a membrane in a self-assembly process. We performed 100 simulations, each 200 ns long, which has been shown to provide a better sampling of peptide-bilayer interactions than a few simulations of very long duration (10, 19) . For syb2 wild-type (WT), 95% of the simulations led to membrane insertion, and in 5% of the simulations the peptide ended up lying on the membrane surface. Fig. 2 , A-C, illustrates 10 representative trajectories of individual simulations showing the z-distance of the W89/W90 backbone particles ( Fig. 2 A) and of the position of G73 near the N-terminus of the fragment (Fig. 2 B) from the membrane center. Fig. 2 C shows the evolution of the TM helix tilt angle relative to the membrane normal. These trajectories indicate the presence of three major states, which we term kinked, extended, and deep.
The trajectories shown in red colors correspond to simulations in which the fragment assumed a kinked state ( Fig. 2 D) although the starting CG model was always extended (Fig. 1, B and E). In this state, the TM helix spans the membrane with the tryptophans W89 and W90 positioned in the membrane-water interface of the extravesicular leaflet and the syb2 C-terminus in the lipid headgroup region of the intravesicular leaflet ( Fig. 2 A, red traces), consistent with experimental data (17, 21, 22) . In this state, the fragment shows a marked bending near the membrane interface such that the juxtamembrane domain is oriented parallel to the membrane surface in contact with the lipid headgroups,~20 Å from the membrane center ( Fig. 2 B , red traces). The kinked state is reminiscent of that found in simulations of a similar synaptobrevin 1a fragment (23) . Analysis of trajectories that were in this state for the total analyzed simulation time (e.g., red traces in Fig. 2 ), revealed a Gaussian distribution for the TM domain tilt angle (38 5 6 (SD)). It should be noted that the kink evolved during the self-assembly although the initial CG structure was modeled as a continuous straight helix ( Fig. 1, B and E), maintaining the dihedral restraints that stabilize the CG structure. This behavior suggests that the kinked conformation is induced through the interaction of the juxtamembrane domain with the membrane-water interface region of the lipids. In previous simulations, a smaller 15 tilt was found for rat synaptobrevin 1a, which may be due to differences in the TM domain sequence but is more likely due to the adjustment of restraints at the junction between the TM and juxtamembrane domains in the simulations of synaptobrevin 1a (23) .
The kinked state is in good agreement with the experimentally observed orientation of a slightly shorter fragment (residues 74-116) in DMPC bilayers (21). To determine how shortening of the lipid chain length affects the syb2 conformation in the membrane, we performed simulations of the syb2 fragment in DLPC. As expected from the decrease in membrane thickness, the kinked state in DLPC showed a somewhat increased TM helix tilt angle (49 5 5.5 (SD)).
The kink near the membrane-water interface is also consistent with recent NMR data (22) indicating that syb2 residues 89-92 (WWKN) form a flexible hinge between helical segment 2 (residues 77-88) and the helical segment 3 (TM domain residues 93-115). The kink angle between these two helical segments was 40 5 10 (SD) and exhibits considerable flexibility. Approximately 40% of the simulation time showed the syb2 fragment in a more extended state Biophysical Journal 103(5) 959-969 ( Fig. 2 E) , as indicated by the increased distance (~40 Å ) of G73 from the membrane center ( Fig. 2 B) . This state resembles the conformation of syb2 in the postfusion SNARE complex state (18) , which shows helical extension from the SNARE domains into the juxtamembrane and TM domains. In this state, the tilt angle of the TM domain was~25 5 8 (SD). The mean kink angle between helices 2 and 3 in this state was~20 and showed a skewed distribution with a half-width of 24 . In several simulations, a transition hinge motion was observed from the kinked state to the extended state. The black trace in Fig. 2 , A-C, illustrates such a case. In contrast, no transitions in the reverse direction were observed. When the time course of the average distance of G73 from the membrane center was calculated from all simulations that showed a kinked or extended state after 8 ns, a time-dependent change became evident ( Fig. 2 G) . The change of the G73 position could be fitted with a single exponential, giving a time constant t of 275 5 25 ns and an asymptotic value (z 0 þ Dz) of 40 5 1 Å matching the G73 position of the extended state ( Fig. 2 B , green traces). The extended state is thus energetically preferred as expected from the dihedral constraints of the starting CG model structure that resembles the postfusion structure of syb2 in the SNARE complex (18) . The transition from a kinked helix, as proposed for the prefusion state (24) to a straight helix in the postfusion state (18) , may be part of the driving force of the conformational change of the SNARE complex that drives fusion. Fig. 2 H shows the relation between the extension and the TM helix tilt angle, illustrating the larger tilt angle in the kinked state (red dots) compared to the extended state (green dots). The black dots are for the simulation with transition (black traces in Fig. 2 , A-C).
In a small subset of simulations (~25%), a deep state was initially observed ( Fig. 2 F) in which the fragment was highly tilted and completely immersed in the lipid bilayer. The trajectories for simulations that reveal this state are shown as blue traces in Fig. 2 , A-C. In this state, the TM domain assumed a tilt angle of 58 5 6 (SD), which is close to the 55 tilt angle that was found experimentally for the syb2 TM helix in POPC (21). However, in the simulations, this state was rare and frequently a transition to the kinked or extended state occurred during the simulation time, as shown in two of the three blue traces in Fig. 2 , A-C.
Changes in the syb2 TM domain position by application of force
It is thought that fusion pore formation is initiated by a force transfer from the SNARE complex to the membranes. This force transfer must occur via the syb2 TM helix. To characterize the force transfer mechanism, we investigated how the application of force changes the position of the syb2 TM helix in the membrane. The SNARE complex produces its force via interactions in the SNARE domains pulling the membranes together. To mimic this process in the simulations, we applied forces to the backbone particles of W89 and W90 (WW group), which are normally located in the extravesicular membrane-water interface. This approach defines a reaction pathway on the multidimensional energy landscape corresponding to syb2/bilayer interactions, and provides an estimate of the free-energy profile along that pathway. The free-energy profile for the movement of the syb2 WW group parallel to the membrane normal, up to a distance of 60 Å from the membrane, was calculated via the umbrella sampling method (Fig. 3) . To maintain the directionality of the force produced by the SNARE complex, we applied harmonic potentials to the WW group, pulling the protein from the resting state (no applied force) to a new equilibrium position. Simulations thus started with the syb2 fragment at its unrestrained equilibrium position in the kinked state, with the WW group 16-17 Å from the membrane center. If this initial setup failed due to excessive initial forces, we started the simulation using as the starting position the final state of a preceding simulation with smaller displacement from the membrane center. In this way, the energy profile represents that obtained along a reaction pathway that is encountered when the TM domain is pulled from the extravesicular side of the membrane. The system is prepared in a state that mimics a force transfer from SNARE complex zippering maintaining the directionality of the pulling force.
Pulling on the syb2 TM helix starting from the unrestrained position leads to a distortion of the membrane structure as the syb2 C-terminus pulls on the headgroups of the surrounding lipids ( Fig. 3, A and B) until the C-terminus eventually detaches from the inner-leaflet lipid headgroups ( Fig. 3 C) . The force exerted on the WW group strongly affects the tilt angle of the TM domain relative to the membrane normal ( Fig. 3 D) . When the WW group is pushed toward the membrane center or pulled out slightly up to~20 Å from the membrane center, the tilt angle shows a rather linear correlation with the WW position ( Fig. 3 D, region I), reflecting the fact that the C-terminus is kept in the intravesicular membrane-water interface region (Table  S1 , state IF-I). When the WW group is pulled farther away, the molecule acquires the extended state and it initially pulls the inner-leaflet headgroups adjacent to the C-terminus with it, as can be seen in Fig. 3 B. The freeenergy profile ( Fig. 3 N, green trace) thus includes this distortion of the membrane. Because of the strong interaction of the C-terminus with the intravesicular headgroups, the TM domain is straightened and the tilt angle decreases ( Fig. 3 D, region II) . At a certain distance, however, the syb2 C-terminus is detached from the inner-leaflet headgroups ( Fig. 3 C) . This transition occurs at a WWmembrane center distance of~48 Å , or~31 Å from its resting position, and is associated with a marked decrease in the slope of the DG profile ( Fig. 3 N, Table S1 , state IF-E). The TM domain is now in the water phase and shows an increased tilt angle relative to the membrane normal ( Fig. 3 D, region III) . Eventually the Cterminus is completely detached from the membrane and rotates freely ( Fig. 3 D, region IV; Table S1, state W).
Free-energy profile of the syb2 TM domain position along the directional pulling pathway
The total free-energy increase from the unrestrained equilibrium position to region IV (approaching 60 Å ; Fig. 3 N, green trace) is~250 kJ/mol, which is similar to that previously reported for a different TM peptide of similar size (25) . The DG profile in the 0-48 Å region can be empirically approximated by a harmonic potential with a force constant of~50 kJ mol À1 nm À2 .
Application of constant pulling forces
To estimate the force that the SNARE complex needs to produce to detach the syb2 C-terminus from the inner-leaflet headgroups, we performed simulations in which instead of a harmonic force, a constant force was applied, in an attempt to model the force on the syb2 TM domain generated by the SNARE complex. The energy barrier to break a bond is lowered considerably when a pulling force is exerted (26) . A constant force F adds a linear potential ÀFDz to the freeenergy landscape, where Dz is the distance from the equilibrium position. Fig. 4 A shows the free-energy profile for the syb2 fragment from Fig. 3 N in the absence of an applied force (black) and the predicted energy profiles in the presence of constant pulling forces of 40 pN (green), 80 pN (gray), 120 pN (blue), and 160 pN (red). These forces reduce the predicted activation energy for detachment of the syb2 C-terminus from the inner-leaflet headgroups to~130 kJ/mol, 80 kJ/mol, 40 kJ/mol, and 10 kJ/mol, respectively ( Table 1 ). In the presence of these pulling forces, the energy profiles predict minima shifted to new equilibrium positions. The energy wells were fitted with harmonic potential functions ( Fig. 4 A, dashed lines) , providing the predicted equilibrium positions and effective harmonic force constants (Table 1) .
To validate the predicted energy profiles in the presence of constant forces, we performed corresponding simulations. The position of the WW group in these simulations ( Fig. 4 B) shows approximately Gaussian distributions with peaks within~1 Å of the positions of the minima in the energy profiles of Fig. 4 A (Table 1 ). The good agreement between the predicted energy profiles and the position histograms for the corresponding simulations validate the determination of the DG profiles for pulling on the syb2 TM domain from the extravesicular side.
For the 160 pN force, the energy barrier for detachment of the syb2 C-terminus from the intravesicular headgroups is predicted to be only~10 kJ/mol or~4 k B T, and thus the transition may be observable on the timescale of MD simulations. Indeed, at this force, eight of nine 200 ns simulations showed a detachment of the C-terminus from the inner-leaflet headgroups at variable times. The resulting survival curve ( Fig. 4 C) was fitted by a single exponential (dashed line), giving a time constant of 64 ns. Force spectroscopy experiments performed on the SNARE complex yielded rupture forces of~250 pN (27) , suggesting that a single SNARE complex may be able to generate the force needed to detach the syb2 C-terminus from the vesicle's inner-leaflet headgroups.
In CG-MD simulations, the dynamics appears to be accel-erated~4-fold (28) and the simulation temperature used here was 323 K. Furthermore, DPPC is only a model lipid and the absolute numbers for the kinetics should thus be considered approximate. Nevertheless, the rapid phase of the exocytotic burst in chromaffin cells at room temperature has a time constant of~10 ms. The activation energy for dissociation of the C-terminus from the inner-leaflet headgroups is~30 kJ/mol higher at 120 pN force than at 160 pN (Table 1) , which would result in millisecond timescale kinetics.
Syb2 mutations facilitating or inhibiting TM domain displacement
If a displacement of the syb2 TM domain in response to the force transfer contributes to promoting fusion, then lowering the energy that is needed to pull the WW group out by the necessary amount would be expected to facilitate fusion. We therefore performed corresponding sets of simulations for a construct in which the two tryptophan residues of syb2 were mutated to alanine residues ( Fig. 1 C) , a mutation that has been investigated experimentally. This mutation increases the rate of spontaneous transmitter release events 3-fold but decreases stimulated release~2-fold (9) . Representative simulation states are shown in Fig. 3 , E-G. The relation between the TM domain tilt angle and the position of the WW group (Fig. 3 H) is similar to that of syb2 WT (Fig. 3 D) except that the transition from region II to region III, where the C-terminus detaches from the inner-leaflet headgroups, is shifted from~48 Å to~45 Å .
The free-energy profile for this WA mutant ( Fig. 3 N, red line) shows lower energies for displacements of the corresponding AA group toward the cytoplasm compared with the WT (Fig. 3 N, green line) , as expected from the lower energies of transfer from water to the membrane interface for alanine compared with tryptophan (29) . Although there has been some debate concerning the accuracy of CG force fields for peptide-bilayer interactions (7, 30) , this level of agreement gives us confidence to further analyze the simulation results. The energy required to pull the AA group out by 14-24 Å is 12-17 kJ/mol lower than that required for the WW group (~5 k B T) . The transition where the C-terminus detaches from the inner-leaflet headgroups occurs at a respective AA-membrane center distance of~45 Å , and the increase in free energy at this position is reduced by 40 kJ/mol ( Fig. 3 N, red line, dotted arrow, DG~160 kJ/mol) compared with syb2 WT.
The predicted energy profiles in the presence of constant forces (Fig. 4 D) were confirmed by the position histograms ( Fig. 4 E) , which are consistent with the predicted energy wells (Table 1, syb2 WA) . For the WA mutant, the activation energy barriers obtained at 40, 80, and 120 pN force are lowered, which is consistent with the increased frequency of spontaneous fusion events observed for this construct (9) . The reduced activation energy needed to detach the C-terminus of this mutant protein is thus accompanied by a considerable facilitation of fusion by this mutation.
However, in the presence of a 160 pN force, the energy barrier is hardly changed. In the corresponding simulation, the kinetics for detachment of the C-terminus from the inner-leaflet headgroups (Fig. 4 F) is accordingly similar to that obtained for the WT with a fitted time constant of 105 ns. The simulations thus yield~2-fold slower kinetics for the 160 pN force, and because the amplitude of stimulated release in neurons depends on the kinetics as well as the duration of the calcium signal, such a change in kinetics can produce a reduction in the amplitude of stimulated release. However, the change in kinetics is small, and because the forces in physiological conditions are likely smaller, the reduction in stimulated release may well be due to depletion of releasable vesicles as a consequence of the increased spontaneous release rate.
Whereas the WA mutant facilitates fusion, the addition of polar residues at the syb2 C-terminus inhibits fusion (6) . We therefore investigated the free-energy profile of a syb2 construct with two lysine residues added at its C-terminus ( Fig. 1 D) , a construct that produced virtually complete inhibition of fusion (6) . Simulations with this construct (Fig. 3 , I, K, and L) showed that much higher forces were needed to detach the modified C-terminus from the innerleaflet headgroups (Fig. 3 L) . The transition from region II to region III is shifted to 53 Å (Fig. 3 M) . In region IV, small tilt angles are missing, reflecting a repellent interaction between the added lysines and the lipid headgroups once the C-terminus is in the water phase. Whereas the energy profile ( Fig. 3 N, blue line) shows only little change in the range up to the 48 Å position of the WW group, the energy increases further with increasing slope as the construct is pulled out more, because the snorkeling lysines stabilize the interaction with the inner-leaflet headgroups.
The predicted energy profiles in the presence of constant pulling forces (Fig. 4 G) are confirmed by the WW group position histograms from the corresponding simulations ( Fig. 4 H; Table 1, syb2-KK) . The activation barriers are markedly increased for all forces, and even for the 160 pN DG* is the energy difference between the point of C-terminus dissociation from the inner-leaflet headgroups and the minimum of the energy profile; z 0 is the position of the energy minimum from fits of harmonic potential functions DG ¼ DG 0 þ ðk=2Þ$ðzÀz 0 Þ 2 to the PMF profiles of Fig. 4 , A, D, and G; k is the harmonic force constant from the same fits, sqrt(RT/k) indicates the expected SDs of the position probability distributions as predicted from the harmonic potential fits. Gauss z 0 and Gauss SD are the peak positions and SDs of the Gaussian fits to the probability distributions obtained in simulations with constant force as shown in Fig. 4 , B, E, and H. The value exp(ÀDDG*/RT) for syb2 WT (A) provides the factors for a change in rate constant relative to that at 160 pN force. For syb2 WA and syb2-KK, it provides the factors for a change in rate constant relative to WT at the same force.
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force the activation energy is increased by~15 kJ/mol or~6 k B T, which should make the kinetics of detachment~250fold slower. Indeed, in none of the nine simulations performed for syb2-KK in the presence of a 160 pN force was a transition to the detached state observed (Fig. 4 I) .
The energy barrier at 120 pN force would be 25 kJ/mol higher for the syb2-KK construct than for the WT (Table  1 , syb2 WT/syb2-KK), increasing the kinetic time constant by a factor of~10,000, which is consistent with the virtually complete inhibition of fusion observed experimentally for this molecular construct (6) . CG models are, of course, an approximation. A direct determination of the difference in energy for arginine insertion into the membrane showed that it is~2-fold larger for the all-atom model (7) . The increase in activation energy for the syb2-KK construct compared with syb2 WT is therefore a lower estimate and may in fact be even larger than the estimate obtained here.
C-terminal movement through changes in TM domain tilt
The energy profile for pulling the TM domain toward the extravesicular side along the membrane normal represents a simplified reaction coordinate that allows quantification of the energetic changes produced by molecular manipulations at the C-terminus or of the interfacial tryptophans. SNARE complex zippering, however, will not result in a straight pulling perpendicular to the membrane and will likely also involve a tilting of the syb2 TM domain (31) . We therefore performed simulations in an attempt to mimic this process. In these simulations, we applied harmonic forces to the backbone particles of the last two C-terminal residues of syb2, S115/T116 (the ST group). The simulations were started with the syb2 fragment at its unrestrained equilibrium position in the kinked state, with the ST group located in the intravesicular lipid headgroup region,~17 Å from the membrane center ( Fig. 5 A) , moving the ST group toward the extravesicular membrane-water interface (Fig. 5, B and C). This approach resulted in a directional reaction pathway that changed the syb2 TM domain tilt angle from~40 to~90 while the ST group was moved through the membrane (Fig. 5 D) . The energy profile for this displacement (Fig. 5 E) shows a peak when the ST group is near the membrane center with an activation energy of~70 kJ/mol. Once it detaches from the inner-leaflet headgroups, the syb2 C-terminus is thus highly unstable at this position. When a state in this region ( Fig. 5 B) was chosen to start an unbiased simulation, the C-terminus moved within 2 ns to one of the energy minima in the membranewater interfaces on either side of the membrane (as in Fig. 5, A and C) . The activation energy of~70 kJ/mol for the tilting motion translocating the charged C-terminus across the membrane is considerably lower than the 200 kJ/mol estimated for the vertical pulling, because in the tilting motion the hydrophobic residues of the TM domain remain in the membrane and are not transferred to the water phase. If the force generated by the SNARE complex were simply modeled as a constant pulling force acting on the ST group in the z-direction, an 80-pN force would already lower the activation energy to a few k B T ( Fig. 5 E, dashed line) . However, this is an oversimplification because the molecular force generating the tilting motion would have to be generated by the progressive zippering of the SNARE complex, which would pull the juxtamembrane domain residues somewhat out of the membrane. Therefore, the activation energy for the detachment of the C-terminus from the inner-leaflet headgroups in the actual SNARE complex zippering would likely be intermediate between the tilting motion ( Fig. 5 E) and the vertical pulling motion ( Fig. 4 A) .
CONCLUSION
The syb2 C-terminus appears to play a key role in transducing the force generated by the SNARE domain zippering into fusion pore formation (31, 32) . A role of the TM regions of the SNARE proteins in the initiation of fusion by causing (Table S2 and Fig. S2 ) shows a maximum when the C-terminus is located in the membrane center (black dots with error bars). The energy barrier is lowered to~3 k B T when an 80 pN force is applied in the z direction (dashed line).
Biophysical Journal 103(5) 959-969 distortions of the lipid packing was recently supported by MD-CG simulations indicating that the C-termini of the TM regions are associated with the formation of fusion pores (33) . Fusion is thought to be induced by a force transfer from SNARE complex zippering. In the simulations analyzed here, we characterized how piconewton forces affect the syb2 TM domain in the membrane. We modeled a syb2 fragment in a DPPC model membrane that does not reflect the lipid composition of synaptic vesicles (34) . Negatively charged lipids modify syb2-membrane interactions (35) , and therefore simulations of syb2 in a physiological lipid composition are currently in progress. Nevertheless, experimental data (6) and the simulation results presented here suggest a fusion mechanism whereby the syb2 C-terminus detaches from the inner-leaflet headgroups driven by the transition of the SNARE complex to a continuous helically extended state. This zippering transition exerts a force on the syb2 TM helix, which will pull on the syb2 TM domain and also induce tilting of the TM domain. The pulling and tilting may lead to detachment of the syb2 C-terminus from the inner-leaflet headgroups and translocation of the charged C-terminus into the hydrophobic core of the membrane. At this position, the C-terminus is highly unstable and will rapidly assume a position in the extravesicular lipid headgroup region.
The energy that needs to be provided by the protein machinery for fusion of synaptic vesicles with the plasma membrane to occur on a physiological timescale has been estimated to be~15-50 k B T (36-38) corresponding to 40-125 kJ/mol. This amount of energy could be provided by assembly of a single SNARE complex (27, (39) (40) (41) . The energy from SNARE complex assembly needs to be transferred to the membrane via the generation of a corresponding force. In the simulations, an increase in energy by 40-125 kJ/mol is obtained when the WW group is pulled away from its equilibrium position by 14-24 Å (Fig. 3 N) . When the syb2 TM domain exerts a tilting motion through the membrane, the activation energy to translocate the C-terminus to the extravesicular membrane-water interface is only~70 kJ/mol (Fig. 5 E) .
Although it was recently shown that a single SNARE complex may be sufficient to promote lipid vesicle fusion (42, 43) , the number of SNARE complexes needed for fusion is controversial, and several SNARE complexes are required for rapid fusion kinetics (44) (45) (46) (47) . Based on the results presented here, we propose the fusion model shown in Fig. 6 , which modifies previous models (31, 32) that postulated a key role of TM domain tilting in fusion. In this model, we speculate that the C-terminus of the tSNARE syntaxin may play a complementary role in the plasma membrane side consistent with the conclusions derived from CG simulations of a ternary SNARE complex (33) . The states in the process of fusion pore formation ( Fig. 6 A) are related to states observed in the simulations (Fig. 6 B) that were performed to generate the data of Fig. 5 . From the prefusion state (i) the SNARE complex pulls the membranes together while the C-termini of syb2 and presumably syntaxin maintain contact with the exoplasmic membrane leaflet lipid headgroups (ii). This movement is induced by progressive zippering of the SNARE complex toward the C-terminal end, which will pull the tryptophans W89/W90 somewhat out of the membrane, a process that is facilitated for the WA mutant compared with the WT (Fig. 3 N) . The proposed tilting movement of the syntaxin TM domain will likely involve an activation energy similar to that of the syb2 movement. However, these activation energies will be considerably reduced by the zippering interactions. Once the C-termini are detached from the intravesicular leaflet headgroups, they move toward the endoplasmic leaflets (iii), such that syb2 and syntaxin assume an extended state parallel to the membranes and the TM domains come into contact, linking the two membranes (iv). From state iv, fusion pore formation may occur via a stalk intermediate (v), which will be unstable due to the C-terminal charges of the TM domains, proceeding to the fusion pore state (vi). In this state, the TM domains are again spanning the membrane, a state that has much lower energy than the orientation parallel to the membrane in the headgroup region ( Fig. 5 E) . However, the precise intermediates from state iii to state vi are still uncertain because it seems quite possible that fusion pore formation may occur during and in association with the movement of the syb2 and syntaxin C-termini. This issue will be addressed in further simulations of SNARE complexes linking two membranes. The predictions of this model can be tested using a combination of experimental and computational approaches to investigate how specific mutations near the syb2 and syntaxin C-termini affect fusion pore formation.
Beyond the significance of the results presented here for elucidating the molecular mechanism of fusion pore formation, we also wish to point out the novel (to our knowledge) way in which the energy profiles for the position of the TM domain in the membrane were determined. In our simulations, the harmonic potential was applied to the peptide in its unbiased position, pulling it to new biased equilibrium position. This method of defining a reaction pathway allowed us to quantify the syb2 TM domain behavior as it may occur during the force transfer from SNARE complex zippering. This approach may also be useful for simulating other molecular mechanisms whereby a force is applied to a membrane protein, because it can access potentially relevant metastable states. The energy profile along this pathway can then be used to predict the energy landscapes in the presence of defined forces, and simulations in the presence of such forces can be performed to validate the energy profiles. The simulations are therefore able to predict the force dependence of the energy barrier to pull a membrane protein out of the membrane, a prediction that can be quantitatively tested in molecular pulling experiments using atomic force microscope cantilevers.
SUPPORTING MATERIAL
Two tables and two figures are available at http://www.biophysj.org/ biophysj/supplemental/S0006-3495(12)00867-3.
